An analytical model about the size-dependent interface adhesive energy and the interface binding strength was developed based on the size-dependent surface energy and the interface cohesive zone model. The model predicts the enhanced interface binding strength between the nanostructured ceramic coatings and the bulk metallic substrates compared to that between the conventional ceramic coatings with micron-scale grains and the same substrates. The interface binding strength between the ceramic coatings and the metallic substrates was measured by the tensile adhesion test method. The result shows that the interface binding strength of the nanostructured coatings with grain diameter of average 70 nm increases by 86%. The experimental result is in agreement with the theoretical prediction.
Introduction
Interface binding strength characterizes the stability of interfaces and reliability of the related devices such as microelectronic integrated circuits, Li-ion batteries and blades of gas turbine engines, etc. For example, ceramic coatings are usually used to provide thermal insulation for interior metallic components of the blades from the hot gas stream [1, 2] . Once the interface between the ceramic coatings and metallic substrates fractured and the coat flaked off, the metallic components exposed in the high temperature environment would fail. The interface cohesive zone (ICZ) model is usually used to describe the mechanical behavior of the crack tip in the interface fracture process [3, 4] , which reflects the relation between the separating stress σ and the displacement δ of the interfacial atoms. There are two important parameters in the ICZ model, one is the interface fracture strength (i.e. the interface binding strength) σ f , the other is the interface fracture toughness (i.e. the interface adhesive energy) Γ. As Fig. 1 showed, Γ ¼ ∫ δ f 0 σdδ, where δ f is the interface fracture displacement. Γ equals the area under the stressdisplacement curve (i.e. the cohesive curve) and reflects the needed work per unit area to separate the interface. The ICZ model is a macroscopic phenomenological model, the interface binding strength for the actual materials is usually the order of mega Pascal and the interface fracture displacement is the order of micron [3] [4] [5] . From point of view of atomic scale, the relation between the attraction force of the atoms in the interface cohesive zone and the atomic stretch distance is described by the interface cohesive potential [4, 6] . The atomic scale simulation of the interface tension between metals and ceramics shows the similar curve as shown in Fig. 1 [6] , where σ f is the order of giga Pascal and δ f is the order of angstrom. This trans-scale similarity from microscopic to macroscopic scales reflects the size effect of the related interface mechanical properties.
Recently, the studies have indicated that interface energy γ i , the excess free energy per unit area of the system due to the existence of the interface, shows the size-dependence for the nanoscaled heterogeneous thin films, γ i decreases with reducing thickness of thin films [7] [8] [9] . The reduced interface energy characterizes the enhanced stability of the interface [9] . Does the interface between the nanostructured ceramic coatings and the bulk alloy substrates possess reduced interface energy and enhanced interface binding strength compared to that between the conventional ceramic coatings and the same substrates? Understanding this point is significant in guiding the application of nanomaterials not only in the engineering of thermal barrier coatings, but also in microelectronic field. The study has showed the scale effect of friction and adhesion of MEMS/NEMS [10] . From point of view of solid state physics, the interface adhesive (cohesive) energy is the absolute value of the minimum of the potential energy function of the interface between different (same) materials, the interface stress is the differential of the interface potential, and the interface strength is the maximum of the interface stress function [6, 9] . However, the interface potential itself is usually unknown and difficult to be obtained for the actual heterogeneous materials not like the cohesive potential function (universal binding relation) for homogeneous materials such as metals, ceramics and compounds.
In this paper, an analytic thermodynamic model about the size effect of the interface adhesive energy between the ceramic coatings and the metallic substrates was developed. The change of the interface strength between the nanostructured ZrO 2 ceramic coatings with grain diameter of average 70 nm and the metallic substrates, compared to that between the conventional ceramic coatings with the bulk splat grains and the same substrates, was checked.
Theoretical model

Triangle simplification of ICZ model and assumption of interface fracture displacement
According to the cohesive curve of the ICZ model, the triangle form of the stress-displacement curve (i.e. the bilinear functions) was considered simply as the first order approximation as shown in Fig. 1 , since the shape of the curve is not intrinsic for the interface properties compared to two parameters of the strength and the toughness [3] [4] [5] [6] 11] , i.e.,
According to Eq. (1), if there is no large change in the interface adhesive energy Γ or Γ increases, the interface strength σ f will increase as the interface fracture displacement δ f decreases.
Since two new surfaces of the ceramic coating and the metallic substrate will form after fracturing of their interface, the change of the interface fracture displacement may be obtained by the change of the surface roughness. The surface roughness of the nanostructured ceramic coatings (nano-coatings) has been found to be about 2.6-3 times lower than that of the conventional ceramic coatings, which is about several microns [12, 13] as shown in Table 1 . Since the metallic substrates (including the alloy bond coats and the metallic matrixes here) are same both for the nano-coating and the conventional ceramic coating systems, the ratio of the interface fracture displacement of the nanocoating systems to that of the conventional ones was assumed to be same as the ratio of the surface roughness of the nano-coatings to that of the conventional ceramic coatings. So δ f of the nano-coating systems is also 2.6-3 times lower than that of the conventional ones, i.e., δ fb ∈ (2.6-3)δ fn , where the subscripts b and n represent the conventional coatings with bulk grains and the nano-coatings with nanoscaled grains, respectively. The assumption of the reduced interface fracture displacement of the nano-coating systems is reasonable considering the reduced scale of the microstructure of the ceramic coatings, which will also be validated in the Results and discussion.
Thermodynamics of size-dependent interface adhesive energy
According to the definition of the thermodynamics, the interface adhesive energy Γ is related to the surface energies of the ceramic coatings and the metallic substrates after separation of the interface between both, and the interface energy γ i of the interface between the ceramics and the metallic alloys before separating,
where γ m and γ c are the surface energy of the metallic substrates and the ceramic coatings, respectively. The surface energy of the metallic substrates (Ni alloy bond coats and the steel matrixes as the whole metallic substrates) was taken as the surface energy of Ni approximately γ m = 2.42 Jm −2 [14] , which is the same for the nano-coating systems and the conventional ceramic coating systems. For the nano-coating systems, on one hand, the surface energy of the ceramic coatings γ c may decrease due to the reduced scale of the microstructure, on the other hand, the interface energy γ i of the ceramic/metal interfaces also decreases despite of minuteness. The rate of the decrease of the surface energy is generally larger than that of the interface energy for homogeneous materials [8] . If this is also the case here, Γ will decrease for the nano-systems. The surface energy is the excess free energy per unit area of the system due to the existence of the surface and the imperfection of the coordinate number of atoms on the surface. The surface energy γ cb of the bulk ZrO 2 ceramics can be obtained based on the rule of the surface breaking bond [15] ,
]E b /2, where Z s and Z b denote the coordinate number of atoms on the surface and in the bulk, respectively, and E b is the cohesive energy of the bulk crystals [15] . According to the above equation, the surface energy of the conventional bulk ZrO 2 coatings is γ cb = 15.6 Jm −2 considering the simple cube structure of ZrO 2 crystals with Z s = 8 at (100) face and Z b = 12 as the average and E b = 119 eV per ZrO 2 molecular [16] . The above equation also shows that the surface energy is proportional to the cohesive energy. Therefore, the size effect of the surface energy can be obtained by the size effect of the cohesive energy [17] ,
where γ cn is the surface energy of the nano-ceramics, E n is the cohesive energy of the nano-ceramics, D is the thickness of single-crystal thin films or the diameter of nanoparticles, and was taken as the grain diameter of the polycrystalline ceramic coatings here, D c = h/2 is the minimum critical size corresponding to the solid-vapor transition with the average bond length h of the crystals, S c is the sublimation entropy of the crystals, and R is the ideal gas constant [17] . Considering that h = 0.324 nm for ZrO 2 [16] , and the grain diameter D is about 40-100 nm for the nano-coatings based on the present preparation technology, the size-dependent surface energy can be simplified as
where S c = E b /T b [16] with the boiling point T b = 5273 K [18]. According to Eq. (3), considering the average grain size of D = 70 nm, the surface energy of the nano-coatings decreases about 33% compared to that of the conventional ceramic coatings due to the large sublimation based on the contact measuring method. Before the test, the surface of the coatings was abraded, polished, and cleaned by the ultrasonic radiation for 30 min. In the test, the numbers of measurement lines along two orthogonal directions were both chosen to be 3, the tracing length is 2.5 mm, and the data were recorded at the interval of 1 μm. 10 specimens were measured and the average results were taken. The test method can also be referred to Ref. [12] .
entropy of 60 Jmol
, i.e., γ cn = 0.67γ cb . Note that the effect of thickness of the coatings was neglected since the thickness is the order of hundred microns both for the nano-coatings and the conventional ones.
The heterogeneous interface energy γ i between the ceramic coatings and the metallic substrates was taken as the average value of the homogeneous interface energies of the ceramics and the metallic alloys. The homogeneous bulk solid-solid interface energy γ hb can be calculated by the related thermodynamic parameters of the crystals [7] [8] [9] , γ hb = 4hS v H/(3VR), where S v is the vibration part of the melting entropy, H is the melting enthalpy, and V is the molar volume of the crystals [7] [8] [9] . For the interface between the conventional ceramic coatings and the metallic substrates, the bulk interface energy γ ib is expressed as
where the subscripts 1 and 2 represent the metals and ceramics, respectively. For the nano-coating systems, there is no change in the homogeneous interface energy of the metallic alloys, and the homogeneous interface energy of the ceramic coatings decreases due to the nanostructurization. The size-dependent homogeneous solid-solid interface energy
, where D 0 = 3 h is the critical size of the particles corresponding to the solid-liquid transition [7] [8] [9] . Considering that D 0 = 0.972 nm, and the average diameter D = 70 nm for the ZrO 2 grains, the size effect can be neglected. Therefore, the interface energy γ in between the nano-coatings and the same metallic substrates is approximately equal to γ ib . Note that the structure strain energy between the coatings and the substrates was also neglected considering the thickness of hundred microns of the coatings [7, 9] . According to Eq. (4) and the related parameters [2, [19] [20] [21] [22] in Table 2 , γ i = 2.93 Jm −2 , the value of several joules per meter square is in agreement with the interface energy of a series of the interfaces between the metals and the ceramics [9] .
Prediction of interface binding strength
According to Eq. (2), for the conventional ceramic coating systems, the interface adhesive energy is Γ b = γ m + γ cb − γ i = 15.1 Jm While for the nano-coating systems, the interface adhesive energy is Γ n = γ m + γ cn − γ i = 9.9 Jm
, which is about 1.5 times lower than that of the conventional ones due to the reduced surface energy of the nano-coatings, i.e., Γ b = 1.5Γ n . The result is consistent with the previous report that the interface adhesive energy may decrease with reducing size [11] . According to Eq. (1), combining Γ b = 1.5Γ n with δ fb ∈ (2.6-3)δ fn , σ fn ∈ (1.7-2)σ fb can be obtained, i.e., the interface binding strength for the nanostructured ceramic coating systems can increase 1.7-2 times even if Γ decreases.
Experimental
Sample preparation
The samples with ZrO 2 -8%Y 2 O 3 (YSZ) top coatings of about 140 μm thickness (the thickness of the coatings for some samples is thicker or thinner), bonded on the medium carbon steel matrixes, were fabricated by the standard air plasma spray method [23] . The NiCrAlY interface bond coats of about 60 μm thickness, between the ceramic top coatings and the metallic matrixes, were obtained using the high velocity oxygen fuel process [24] . Two kinds of ceramic coatings were prepared by the similar process (Ar/H 2 ) on the Metco 7M atmospheric plasma spray equipment, and the METCO 9MP-DUAL type feedstock system was used. The detailed process parameters are shown in Table 3 . The microstructure of one kind of ceramic coatings is in nanoscale prepared from the nanostructured YSZ powder (CM60, Institute of Process Engineering, Chinese Academy of Sciences), and the other is in micron-scale prepared from the conventional YSZ powder with the larger granularity (Metco 204CNS, Sulzer Metco, Westbury, NY, USA) by means of the standard parameters suggested by the manufacturer of the powder and torch (Sulzer Metco). The grain diameter of the nano-coatings is about 40-100 nm [24] (the microstructure detail can be referred to the TEM micrograph in Fig. 2(c) in Ref. [24] ), agreeing with the theoretical estimation. For the bulk splat grains of the conventional ceramic coatings, the diameter is the order of hundred microns and the thickness is about several microns [2] . The total thickness of the samples is about 6 mm, and the diameter is 25 mm. The microstructure and the cross-section structure of the samples were observed by the FEI Tecnai G2 F20 transmission electron microscope (TEM) and the S-570 scanning electron microscope (SEM), respectively.
Test of interface binding strength
The interface binding strength between the ceramic coatings and the metallic substrates was measured by the standard tensile adhesion test [25, 26] . The sample and the connection component were bonded by E-7 glue, which was roasted 3 h to be dry and solidified in the electrothermal constant temperature oven at 373 K. The tension measurement was carried out on the AG-100KNG tension test machine, the tension rate is 1 mm/min. The schematic illustration of the measurement and the samples is shown in Fig. 2 . The load per unit area at the interface fracture was taken as the interface binding strength. The fracture part was observed to confirm that the fracture occurred at the interface between the ceramic coatings and the metallic substrates (in detail between the ceramic coatings and the metallic alloy bond coats as observed in Fig. 6 of Ref. [26] , the bond coats and the matrixes were considered as the whole metallic substrates here), and the data corresponding to the fracture occurring in the glue or in the ceramic coatings were deleted, since the strength of the glue or the ceramic coatings but not the interface strength is reflected in those cases. Fig. 3 shows the cross-section structure of the as-sprayed samples. The interface bond coat between the conventional ceramic coating and the metallic matrix can be seen clearly as shown in Fig. 3A , while the interface bond coat between the nano-ceramic coating and the metallic matrix becomes not obvious as shown in Fig. 3B , which may imply the better binding between the nano-coatings and the substrates. The measured average interface fracture strength σ fn between the nanocoatings and the substrates of 10 effective samples is about 52 MPa, the original data and the average error are shown in Table 4 . While Table 2 The related parameters in Eq. (4). For ZrO 2 , h is calculated by the lattice volume [16] , V is calculated by the mass and the density [2] , S v = S m -R with the melting entropy S m = H / T m [19] , T m is the melting point. For metals, S v = S m . Note:d -spray distance, F -feed rate, and v -transverse speed of plasma gun.
Results and discussions
Measurement results
the average interface strength σ fb between the conventional coatings and the same substrates is 28 MPa, which is in agreement with the previous report of about 29 MPa [26, 27] . Obviously, the interface strength of the nano-coating samples increases compared to that of the conventional ones, σ fn = 1.86σ fb , which is in agreement with the theoretical prediction (1.7-2) and validates the assumption of the interface fracture displacement in turn. The result is reasonable since the reduced scale of the microstructure of the coatings decreases the amplitude and wavelength of the undulation of the interface, the interface separation displacement decreases, and the interface adhesive energy reflects the intrinsic property of the interface despite of the light change, thus the interface strength enhances. Certainly, the detailed preparation parameters and conditions will affect the interface strength greatly, only the pure size effect is discussed in this work, which can be as a reference at the same other conditions. For example, the different surface roughness of the bond coats will induce different adhesive properties between the ceramic top coatings and the alloy bond coats, but as the bond coats are same, the different scales of the microstructure of the ceramic coatings will induce different adhesive properties between the ceramics and the alloys.
Theoretical analysis and discussion
The above calculated and measured interface cohesive parameters Γ and σ f between the ceramic coatings and the alloy substrates were summarized in Table 5 . The interface fracture displacement δ f can be obtained based on the Eq. (1) when Γ and σ f are known, but the critical displacement, at which the interface strength σ f is reached, is unknown. As previously mentioned, the shape of the cohesive curve is not intrinsic, which can be simplified as the triangle (bilinear functions), the trapezoid, and the exponential form, etc [3] [4] [5] [6] 11] . According to the virtual internal bond model as an exponential form of the cohesive curve [28] , the interface separating stress is expressed as
where k is the slope of the initial stage of the stress-displacement curve characterizing the interface modulus, and δ c is the critical displacement corresponding to the interface strength σ f . Eq. (5) is in agreement with the universal binding relation among atoms of metals [29] , and the stress function is the differential form of the binding energy function. But the virtual internal bond model describes the cohesive relation among particles of materials [28] , not among atoms. When δ = δ c ,
based on Eq. (5), and the interface toughness
as the integral of the stress function. Combining Eqs. (6) with (7), the parameters k and δ c for the interfaces of the nano-coatings/substrates and the conventional coatings/substrates, respectively, can be calculated based on Γ and σ f in Table 5 . By using all of the parameters in Table 5 , the cohesive curves, not only the exponential form, but also the bilinear form, can be obtained as shown in Fig. 4 . Note that the interface fracture displacement in the exponential form tends to be infinite based on the similar interaction potential to that of atomic binding, the approximate δ f was cut off. The results in Fig. 4 (or Table 5 ) show that δ cb /δ cn = δ fb /δ fn = 2.8, which is in agreement with the assumed value of δ fb /δ fn in the theoretical model (2.6-3). Furthermore, δ cb /δ fb = δ cn /δ fn can be obtained, meaning that the ratio of the critical displacement to the fracture displacement is a constant for the interfaces between the ceramics and the substrates with the same materials, but not dependent on the size or the thickness of the interfacial materials, which agrees with the previous experimental observation [30] , and validates the theoretical assumption in turn. The interface fracture displacement is about 5-6 times of the critical displacement, agreeing with the previous discussion, too [3] .
It can also be seen from Fig. 4 ( Table 5 ) that the critical displacement δ cn , corresponding to the interface strength σ fn , is about 70 nm, which is just the average grain size of the nano-coatings. The result is reasonable because the interface fracture strength corresponds to the needed stress to break the interfacial basic unit (minimum material particles), i.e., the grains of the nano-ceramic coatings for nano-systems since the microstructure of the interface bond coats is larger. Therefore, the physical meaning of the critical displacement is the characteristic size of the material particles as the minimum microstructure unit at the interface. While δ cb is about 200 nm, which corresponds to the size of the single phase in the NiCrAlY interface bond coats [13] as shown in Fig. 5 (the TEM micrograph of the interface bond coats), the single phase is as the minimum unit at the interface for the conventional coating systems, since the grains of the conventional ceramic coatings are much larger. As previous discussed, the interface fracture occurs between the ceramic top coatings and the bond coats in detail usually [26] .
Conclusions
In summary, the size-dependent interface adhesive energy model was developed based on the size-dependent surface energy. And the enhanced interface strength between the nanostructured coatings and the metallic substrates, compared to that between the conventional coatings and the same substrates, was predicted based on the interface cohesive zone model. The experimental result is in agreement with the theoretical prediction. The trans-scale mechanism of the interface mechanical behavior of the nanostructured systems is resulted from the size effect of the interface cohesive relation. Although the interface adhesive energy decreases slightly due to the decrease of the surface energy of the nano-coatings, the interface strength increases due to the obvious decrease of the interface separate displacement related to the decreased scale of the microstructure. Table 5 . 
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